Abstract
INTRODUCTION
Thermal runaway in batch reactions is an important and frequent cause of catastrophic reactive chemical incidents. Over 58 accidents were reported in the United States between 1980 and 2001 [1] , and 13 accidents occurred in Canada between 1940 and 1990 [2] . Approximately 35% of these accidents resulted in explosion or fire, and deaths. The major root causes of these accidents are: insufficient understanding of the process chemistry, kinetics and associated hazards; poor design of the cooling and emergency gas relief systems; inadequate control and safety systems; inadequate operating procedures, and insufficient training.
As professional engineers, our duty to the public is paramount [3] . Therefore, educating undergraduate students on chemical process safety is fundamental for preventing accidents [4] , in particular to help students learn how to identify process hazards [5] . Despite an increasing interest on incorporating safety into undergraduate engineering programs, many schools treat it as a separate topic, and sometimes with insufficient hands-on exposure. Furthermore, it is also well known that courses often appear disconnected from each other, resulting in deficiencies in the capacity of the students to integrate and contextualize multiple concepts to assess a complex problem [5, 6] .
Project-based learning (PjBL) is an interactive studentcentered learning strategy that has proven effective in providing realistic context to the students, helping them to integrate knowledge from lectures, and developing teamwork and communication skills [7] [8] [9] [10] [11] . In addition, a multicourse project offers the advantage of integrating different concepts under the same context [12] . Therefore, we implemented a combined team term-project between the Heat and Mass Transfer and Applied Differential Equations courses to build awareness in second-year chemical engineering undergraduate students at University of Toronto. This combined project covered several safety-related topics such as process safety integrated with runaway reaction dynamics and the design of reactor cooling and pressure relief systems. The T2 Labs accident has been selected as the framework for the project since it has been widely studied and a mathematical model of this process has been reported [4, 13] . The main learning objectives, listed in Table 1 , are divided into three categories, namely course integration, process safety awareness and leadership objectives. To investigate the effectiveness of this combined project on reaching these learning objectives, a survey was developed to assess the learning experience and feedback from the students around four different perspectives (see Appendix). University of Toronto; June 4 -7, 2017 -2 of 7 -
PROJECT DESCRIPTION
The project required the students to work in teams of 5 to 6 people to conduct heat transfer-and applied differential equations-related calculations in a series of scenarios under transient and steady state conditions. The goal was to assess the performance of the reactor's cooling and pressure relief systems, and to answer series of reflection questions regarding the errors and malpractices identified in the accident and the duties of a chemical engineer. The project was assigned 10% of the total mark for each of the courses. It was divided into mid and final report deliverables, with a 25%/75% grade distribution. The questions asked in each report were aligned to the concepts taught in each course by the respective due dates. Figure 1 shows a schematic of the reactor vessel geometry presented to the students based on the T2 labs reactor.
Mid report
In the mid report, the main goal was to write the dynamic energy balance of the reactor assuming constant values for the convection coefficients within the reacting fluid, the steam jacket, and the surroundings. In addition, a simplified exothermic reaction kinetics was provided as shown in Eq. (1). The purpose was to allow the students to derive the analytical solution for the temperature profile of the reaction under different cooling jacket conditions, and show the effect of the secondary exothermic reaction on temperature and heat generated. Equation 2 is an example of the energy balance for the jacketed reactor in the form of an ordinary differential equation (ODE) . To obtain the heat losses terms, the students were asked to assume that the concept of thermal resistances was applicable. The validity of this assumption was discussed. The students were asked to analytically solve Eq. (2) and generate series of plots in MATLAB for different values of the heat transfer convection coefficients.
Table 1. Main learning objectives

Course integration learning objectives:
• Conduct an energy balance around the reactor.
• Write and analytically solve the ordinary differential equation (ODE) that governs heat transfer from inside of the reactor to the surroundings.
• Apply the concept of thermal resistances and use it to calculate the temperatures of the reactor walls.
• Select and evaluate the appropriate convective heat transfer correlations for each geometry and flow condition.
• Determine the required cooling water flowrates and size of the cooling coil.
• Write a code for an ODE system in MATLAB and solve it using the ODE Solver tool. • Assess and analyze the effect of cooling failure and pressure relief set points.
• Document the process, assumptions and choices made in designing the equipment.
Process safety awareness learning objectives:
• Identify runaway reaction hazards.
• Identify errors and malpractices in the different stages of an engineering project.
• Reflect on the duties of an engineer.
• Suggest recommendations to avoid similar accidents.
Leadership-related learning objectives:
• Identify the preferred style of teammates and describe how these styles contribute to a team.
• Identify organizational-, relational-, and communication-related behaviours and describe how these contribute to a team.
• Explain the roles of trust and conflict in effective teamwork.
• Identify and apply tools and techniques to make an engineering team more effective.
• Work and keep regular deadlines and learn how to organize work.
In addition, the students were asked to study the T2 Labs accident report [12] to identify and list ten (10) errors, omissions or malpractices that occurred during the T2 Labs project development and indicate in which stage each of these occurred, e.g.: conceptualization and research; scale-up design and construction; process operation. They were also asked to compare this event to another similar accident of their choice.
Final report
The final report consisted of four sections. In the first section, the complete design of the cooling water requirements under steady state conditions was considered. The students were requested to perform the energy balances for the reacting fluid and the cooling water. Here, the students had to select from a handout the appropriate convection coefficient correlations for each of the surfaces. The handout included convection coefficient correlations for jacketed and coiled process vessels, which were not available in the class textbook [14] .
Fig. 1. Batch reactor vessel schematics in steady state
The second part of the report consisted in conducting design calculations for an emergency cooling coil, for the case of a complete cooling jacket failure, as shown in Fig.  2 . The objectives were to calculate the required water flowrate and the coil length to cool down the reactor from 180 to 160 °C in 5 minutes, considering the simplified kinetics provided in Eq. (1) . Given the complexity of this process, the project was designed to use a simplified approach. The students were encouraged to use Eq. (3) to estimate an average heat transfer rate from which they could estimate the required water flow rate. They were asked to use the concept of thermal resistances to calculate the coil length. Finally, to estimate the cooling coil overall heat transfer coefficient, the students were allowed to use Eq. (4) as a simplification. They were informed of the limitations of this equation, which is only valid for a temperature difference between inlet and outlet of the cooling medium lower than 10 °C, and no heat generation within the system [14] .
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Where: : Estimate of total heat rate to remove (W) In the third section of the final report, the students were provided with an ODE model developed by Wiley et al. [4] . This model incorporates the complete reaction kinetics, energy balance, and pressure profile for a lab scale reactor simulation of the T2 Labs process. This model also accounts for the jacket cooling system and the rupture disk used for pressure relief. The students were asked to write a MATLAB code using this ODE system to assess five different scenarios. The first four scenarios consisted of parametric studies of the effects of various heat removal rates from the jacket and rupture disk settings on the reactor performance. The students had to generate a series of comparative plots of temperature, pressure, and concentrations of the reagents, and provide a critical analysis of these plots in terms of design choices and safety implications. The last scenario focused on the emergency cooling coil in the case of a complete failure of the cooling jacket, modeled as an adiabatic condition. Here, the students were asked to estimate the overall heat transfer coefficient of the cooling coil to achieve the cooling effect specified in the second section of the report and compare it to the previously obtained value.
In the last section of the report, a list of reflection questions was presented to the students regarding their responsibility as professional engineers. The reflection questions are listed in Table 2 . They were asked to review the code of ethics and the "Duty to report" document of Professional Engineers of Ontario (PEO) [15] to justify their answers.
Table 2. Reflection questions
• What is your main duty as an engineer?
• What would you recommend to the plant manager to prevent similar accidents from occurring? List at least three (3) actions to take.
METHODOLOGY
To evaluate the effectiveness of this combined project on student learning towards the defined learning objectives, we developed a survey based on similar PjBL approaches [6] [7] [8] [9] [10] [11] [12] . The survey is divided into four sections as follows:
• Contribution to learning • Motivation and awareness • Project structure and support • Personal experience and skills development
The four sections contained 21 questions that the students had to answer using 5-point Likert scale. An additional Not Applicable (N/A) option was also included for the case of a student being enrolled in only one of the two courses. A space at the end was available for the students to provide additional comments and insights. The full survey questionnaire is presented in the Appendix.
The survey was conducted at the end of the course term on a voluntarily and anonymous basis using the Google Forms tool. A consent letter was circulated in advance to inform the students about the purpose of the study. The course enrollment during the Winter 2017 term was 115 students with above 92 % overlapping between the two courses. A total of 79 students responded to the survey, representing 69 % of the population.
RESULTS AND DISCUSSION
The results of the 21 questions are summarized in Fig.  3 . The survey revealed that a large portion of the students, 67 %, enjoyed the project (accounting for those who "agreed" and "strongly agreed" to the statement in Question 16), especially because it was linked to an "actual problem that [they] may encounter" during their professional life.
Contribution to learning
The majority of the students agreed or strongly agreed that the combined project allowed them to practice the concepts of heat transfer (85%) and applied differential equations (67%), and relate the two courses better (75%).
A student commented that this combined project "[r]eally helped teach concepts from both courses in a more applied way which greatly aided in [ 
Motivation and awareness
A key goal of the project was to bring awareness to the students about reactor safety (Question 7) and the importance of proper design of safety measures (Question 5). The project was very successful in bringing awareness of such critical concepts for chemical engineers with more than 84% of the students answering "agreed" or "strongly agreed" to Questions 5 and 7. For example, a student commented that "The project was a great way to incorporate safety into our learning. It definitely opened my eyes to the hazards associated with chemical engineering". More importantly, with respect to their role as professional engineers, 86% of the students agreed or strongly agreed that thanks to the project, they are more aware of their duties to report errors and malpractices when the safety of the public or their co-workers is compromised.
Project structure and support
Making sure to align instruction of material in class on time for the students to be able to conduct the project is fundamental. Both courses had to follow a predetermined schedule for the students to have enough time to learn the new material and apply it in the context of the project. The students agreed or strongly agreed that the project milestones, i.e. the mid and final reports, were in line with the Heat Transfer (82%) and Applied Differential Equations (73%) instruction (Questions 12 and 13). Even though 73% of the students agreed or strongly agreed that the project guidance was sufficient, about a third of the class felt that the project workload was too heavy (38%), another third disagreed or strongly disagreed (29%), and the last third was neutral about it (32%) (Question 15). Despite that, they considered that the time spent on the project was adequate for the assigned mark of 10% of the final grade for each course (62% agreed or strongly agreed, Question 14).
Personal experience and skills development
The combined project was effective in developing analytical and critical thinking skills for the students (77% agreed or strongly agreed, Question 18), as well as to help them take responsibility for their learning experience (73% agreed or strongly agreed, Question 17). However, it was not seen as an effective means to develop their writing skills: only 58% of the students agreed or strongly agreed that the project helped them in this area. This was expected as most part of the project reports consisted of calculations lines, with only a few sections dedicated to commenting on the results and their role as future professional engineers. Finally, another important goal of the project was to get the students to work effectively in teams. A large proportion of the students (80%) agreed or strongly agreed that the project allowed them to practice and develop their teamwork skills (Question 20). An important positive result of this combined project was that 76% of the students agreed or strongly agreed that the project allowed them to explain to the members of their team what they learnt and did in their assigned tasks (Question 21).
A fundamental objective of the project was to ensure that the students would communicate and work in teams effectively, instead of simply work independently on separate tasks. However, as discussed below, strategies could be implemented to further improve this aspect in future years.
FINAL REMARKS: How to improve the student experience in a future combined project
The project had a good scaffolding structure for the heat transfer part, as the different cases were building upon each other. This was meant to ensure the students were working on a complex problem with various scenarios, while having to follow clear steps from one scenario to the next one. This approach forced all students from the team to take part on each section of the project on heat transfer. As expected, some students would have preferred not to have to do the whole work, as seen with the comment below:
"It was difficult working on the team because some sections had to be done with the work from previous sections, but only those who did those sections had an understanding of how they worked. Thus, all members had to do ALL the work to understand the project and so it was inefficient and too much work to handle." However, one of our objectives was for every student to conduct the work. To avoid such resistance in future years, it is recommended to make it clearer earlier in the semester that it is expected that all students work together on all the parts of the project.
Even though 75% of the students agreed or strongly agreed that the project allowed them to relate the concepts from both courses (Question 3), the integration of both courses could be further improved, as noted from some of the student comments listed above. Indeed, a few students admitted that one of their group members was exclusively working on the ODE coding part of the project:
"I feel like it should be more inclusive in terms of the material. For example, I only did the parts of the project that involved MATLAB and the rest of my team carried out the physics part. I wish I had been more involved in that part but it seemed like the way we did it was the most effective way."
However, a student recognized that it was his/her own choice not to be involved in some parts of the project: "I sadly didn't get an opportunity to improve my heat and mass skills very much, because other group members worked on those sections (That was my fault, not the projects)."
It should be noted that these comments should not be considered as representative of the whole class as 76% of the students agreed or strongly agreed that the project allowed them to practice their MATLAB coding skills (Question 4). Therefore, a large majority of the students was involved in all parts of the project.
To summarize, it is clear that some students never did some parts of the project, i.e., they did not learn from all parts of the project as the instructors had wished. However, with the way they split the tasks, they were able to identify each other's strengths and expertise, therefore working efficiently as a team towards the objective of completing the project. This is a positive outcome of the project, as two of the learning objectives were to "identify the preferred style of teammates and describe how these styles contribute to a team" and to "identify and apply tools and techniques to make an engineering team more effective" (Table 1 ). These comments helped understand that a few incentives should be implemented to encourage the students to take part in both the heat transfer and applied differential equations aspects of the project. For example, the students could be encouraged to answer at least one of the five cases in the MATLAB coding component of the project to ensure that one individual is not responsible for the MATLAB component.
Some students who felt that the project was challenging seemed to not have implemented an effective team strategy to share information: "Some questions in the report were tough and should have been explained in class time rather than the additional tutorial because some people cannot stay after class time". Not all students from the teams needed to participate in all extra tutorials provided. Helping the students get organized on how to share such tasks of gathering information from the instructors is an aspect that can be improved in the future.
Finally, as students' answers to Question 10 with respect to the clarity of the learning objectives of the project were more diverse, it would be worth rewording them for future iterations of the project, in particular to make it clearer that all students are expected to take part in all aspects of the project.
